ABSTRACT: Based on the discrete element software PFC 2D , the biaxial test of clay is simulated. Contact bond model simulates the physical and mechanical behaviors of the clay, and is used to research the influences between the seven microscopic parameters, such as particle radius, particle radius ratio, stiffness ratio, friction coefficient, contact modulus, contact normal bond strength, contact shear bond strength and the macroscopic parameters of the clay, such as Young's modulus, Poisson's ratio, cohesion and internal friction angle, respectively. In order to make calibration process of clay efficiently, screen out the two most significant microscopic parameters for each response by design of experiment-the Plackett-Burman design method, and obtain the linear regression equation of macroscopic parameters. After that, estimate the nonlinear relationship between the two microscopic parameters and macroscopic parameters by the Response Surface Methods-Central Composite Design method, and obtain an optimum set of microscopic parameters. KEYWORDS： clay; microscopic parameter; the Plackett-Burman design method; Central Composite Design method
INTRODUCITON
The discrete element method (DEM) is used to simulate the mechanical behavior of rock by integrating the system ideal into a set of structural elements such as springs, beams, or separate particles bonded together through the contact point [1] . While the continuum model represents damages indirectly by the empirical relation, the discrete element method is used to represent the failure directly by the individual structural elements or the bond failure. DEM has been successfully applied to the modeling of soil behavior, especially the soil failure and nonlinear behavior. The particle flow code is mainly used for the study of particles or system analysis which can be simplified as particles, there are two kinds of two-dimensional (PFC
2D
) and three-dimensional (PFC   3D   ) , which belongs to discrete element category.
Different with the traditional finite element numerical software, discrete element numerical software PFC 2D can't assign value to macroscopic parameters directly (such as Young's modulus, Poisson's ratio, cohesion and internal friction angle). A series of experiments (such as uniaxial, biaxial test or Brazil splitting test, etc.) are carried out on the model which has explicit microscopic parameters, and these macroscopic parameters are obtained, this process is usually called the calibration process. So far the only way to find the ideal set of microscopic parameters in using PFC is by "trial and error" [1] , which is somewhat primitive and time consuming. The domestic and foreign scholars have conducted the research and the discussion to the variation rules of macroscopic parameters of the soil sample with microscopic parameters. Zhou Jian and Chi Yuyu (2000) made comparison between the results of numerical simulations and laboratory tests and macro properties of sand samples under various input parameters of particle elements are presented [2] . Zhou Jian and Chi Yong (2003) studied the effect of particle size and friction coefficient of particle on macroscopic properties of the sand sample [3] . Zeng Yuan (2008) improved particle shape and boundary condition in biaxial test of sandy soil [4] . Shen Zhifu and Jiang Mingjing (2011) performed 66 biaxial tests on dense and loose sands using PFC 2D to investigate the relationship between micro parameters and macro parameters (Young's modulus and internal friction angle) [5] . Zhou Bo and Wang Huabin (2012) studied the relationship between particle stiffness ratio, particle bond strength, particle friction coefficient, particle bond strength ratio and material macroscopic shear strength parameters [6] .
When PFC 2D is used to simulate clay, the clay material is represented as a collection of particles bonded together by contact points, and the range is defined by a two-dimensional wall.PFC 2D supports two basic bond models: the contact bond model and the parallel bond model [7] . This paper selects the contact bond model. In order to generate a contact bond model, the following microscopic parameters need to be defined: minimum particle radius(R min ), particle radius ratio(R max /R min ), stiffness ratio (k n /k s ), contact modulus(E c ), friction coefficient(fric), contact normal bond strength(NBS) and contact shear bond strength(SBS). In addition, it is necessary to determine biaxial test control parameters, in this paper, wall stiffness is 10 times of the particle stiffness, the confining pressure is 10kPa, 30kPa, 50kPa, the loading speed is 1%/min, and the particle density is 2640kg/m 3 , the porosity is 0.16. Here, DOE is applied to sensitivity analysis of microscopic parameters of contact bond particle models. The PB design method is a screening test design, a fractional factorial design which has a special two level [8] . The PB design method is mainly aimed at many factors and uncertainty of significance of the factors relative to the response variables [9] . Response Surface Method(RSM) explores the relationships between several explanatory variables and one or more response variables. The main idea of RSM is to use a sequence of designed experiments to obtain an optimal response. The Central Composite Design method (CCD) used in this paper is a kind of response surface method.
Sensitivity analysis of microscopic parameters using PB design
Taking Beijing subway line six phase 01 contract section of Longfu temple station as the engineering background, the silty clay soil is the calibration target, the macroscopic parameters of silty clay: Young's modulus is37.747MPa, Poisson's ratio is0.3, cohesion is33.9kPa and internal friction angle is13.9. In this section, the PB method is used to determine the two most significant microscopic parameters for each macroscopic parameters. Before that, the approximate microscopic parameters of model are determined by large trial calculating: R min =0.175m, R max /R min =2, k n /k s =8, E c =0.1GPa, fric=0.8, NBS=60kPa, SBS=60kPa. Based on the microscopic parameters of the model, Table 1 lists the set of microscopic parameters with minus level and plus level and zero level. According to the regulations of PB method, high level is about 1.25~1.5 times of low level, generally no more than 2 times. The values of each plus and minus levels are used in the sensitivity analysis in PB design. The plus and minus levels for each microscopic parameters should be defined based on their practical physical meanings. Caution must be exercised while setting the level differential, as a small differential may not show any effect and a large differential for a sensitive component can mask other components [1] . The complete design matrix for PB screening design is shown in Table 2 . All factor settings (coded) in Table 2 are transformed to uncoded values by a transformation equation given in the last column of Table 1 . These uncoded values of microscopic parameters are used for generating contact bond particle models (21.6m width, 43.2m height). The biaxial test of 12 specimens in Table  2 is numerically simulated, the results of macroscopic parameters are shown in Table 3 .
Analyzed result of the PB design is presented in Table 4 . The absolute value of the effect value indicates the degree of influence on the response. The greater the effect value, the greater the influence. The sign of the effect determines the tendency. For example, in the case of internal friction angle, the two maximums of absolute value of the effect are fric and NBS, that determines the two most significant microscopic parameters. Factor NBS has a negative effect, i.e.-3.108. This means that if the factor setting of NBS is shifted from -1 to +1 level, then this results in decrease of internal friction angle. Constants and coefficients are used to construct linear regression fits, which for each response are constructed a s f o l l o w s : Professionally, p value is a decline index of the credibility. The larger the p value, the more we can't think of the variables in the sample is a reliable indicator of the response.The p value can be used to assess the significance level, and a common used level of significance is 0.05. When p<0.05 is used, it is shown that the microscopic parameter has a significant influence, we can screen out two most significant microscopic parameters according to this method. Fig. 1 showsthe result of PB design analysis. The line drawn indicates where the points would be expected to fall if there was no influence. The distance between a "significant" factor and the line is greater than that between "not significant" ones.
Response surface analysis using CCD
Last section screens out the two most significant microscopic parameters for each macroscopic parameters, then this section will estimate the nonlinear relationship between the two microscopic parameters and macroscopic parameters. The design matrix used in CCD and the results are presented in Table 5 . The theory of CCD analysis is described in detail in [10] and will not be repeated here. Analyzed result of the CCD design is presented in Table 6 . Compared with Table 4 , it contains the coefficients for the interaction of two microscopic parameters and for the quadratic effects of single main factors. Fig. 2 Optimization technique is used to calculate the microscopic parameters that give the closest match between the results from a laboratory test and those from a simulation. We can obtain an optimum set of microscopic parameters by factor response optimizer in Minitab, and the calibration target of silty clay is shown in section 2. Fig. 3 is the Optimization Plot. The optimum set of microscopic parametersof silty clay areE c =0.0816GPa, k n /k s =8.8992, fric=0.6, R min =0.15m, R max /R min =2.6162, SBS=48.3715kPa, NBS=80kPa, and the predicted results of responses are E=37.7404MPa, μ=0.3002, c=33.89kPa,φ=16.5894°.Toverify the accuracy of the predicted results, the biaxial test of the model generated by particles which has above microscopic parameters is simulated, and the result of the test areE=35.4137MPa, μ=0.3183, c=35kPa,φ=15.857°, the error can be accepted and the calibration of the target soil is completed.
However, optimums of microscopic parameters such as NBS and fric are on the border, which means that the optimum set of microscopic parameters can only be applied to the selected range of microscopic parameters, and it is not conclusive whether the new devised approach are suitable for the soil whose microscopic parameters are out of the range and should be considered.
CONCLUSIONS
A new calibration approach of PFC model microscopic parameters of clay in biaxial compression simulation is introduced. Based on discrete element software PFC 2D , the influences between microscopic parameters of particle and the macroscopic properties of the clay are studied. The conclusions are as follows:
(1) Two microscopic parameters which have the biggest impact for Young's modulus are E c and k n /k s ; two microscopic parameters which have the biggest impact for Poisson's ratio are k n /k s and R min ; two microscopic parameters which have the biggest impact for cohesion are NBS and SBS; two microscopic parameters which have the biggest impact for internal friction angle are fric and NBS.
(2) CCD method is used to estimate the nonlinear relationship between the two selected microscopic parameters and macroscopic parameters. This method saves a lot of time within calibration process.
(3) Factor response optimizer can obtain an optimum set of microscopic parametersthat gives fair match between the results from laboratory tests and those from biaxial compression simulations.
The method currently provides adequate solutions and shows relatively fair applicability to simulation of rock materials with their physical properties falling within the following ranges: Young's modulus (24-79MPa), Poisson's ration (0.27-0.35), cohesion (13-48kPa), and internal friction angle (13-29°). This method applies only to contact bond model especially in choosing proper sets of microscopic parameter for models generation.
